Rates of hydrocarbon biodegradation were estimated by following oxygen uptake during mineral oil oxidation or oxidation of [1-'4C]hexadecane to '4CO2, when these substrates were added to natural water samples from Wisconsin lakes. A lag phase preceded hydrocarbon oxidation, the length of which depended on population density or on factors influencing growth rate and on the presence of nonhydrocarbon organic compounds. Hydrocarbon oxidation was coincident with growth and presumably represented the development of indigenous hydrocarbon-degrading microorganisms in response to hydrocarbon additions. In detailed studies in Lake Mendota, it was found that, despite the continued presence of hydrocarbon-degrading microorganisms in water samples, seasonal variations in the rates of mineral oil and hexadecane oxidation occurred which correlated with seasonal changes in temperature and dissolved inorganic nitrogen and phosphorus. The temperature optimum for oil biodegradation remained at 20 to 25 C throughout the year, so that temperature was the main limiting factor during winter, spring, and fall. During summer, when temperatures were optimal, nutrient deficiencies limited oil biodegradation, and higher rates could be obtained by addition of nitrogen and phosphorus. The rates of hydrocarbon biodegradation were thus high only for about 1 month of the icefree period, when temperature and nutrient supply were optimal. Nutrient limitation of oil biodegradation was also demonstrated in 25 nutrient-poor lakes of northern Wisconsin, although in almost every case oil-degrading bacteria were detected. Knowledge of temperature and nutrient limitations thus will help in predicting the fate of hydrocarbon pollutants in freshwater.
Rates of hydrocarbon biodegradation were estimated by following oxygen uptake during mineral oil oxidation or oxidation of [1-'4C] hexadecane to '4CO2, when these substrates were added to natural water samples from Wisconsin lakes. A lag phase preceded hydrocarbon oxidation, the length of which depended on population density or on factors influencing growth rate and on the presence of nonhydrocarbon organic compounds. Hydrocarbon oxidation was coincident with growth and presumably represented the development of indigenous hydrocarbon-degrading microorganisms in response to hydrocarbon additions. In detailed studies in Lake Mendota, it was found that, despite the continued presence of hydrocarbon-degrading microorganisms in water samples, seasonal variations in the rates of mineral oil and hexadecane oxidation occurred which correlated with seasonal changes in temperature and dissolved inorganic nitrogen and phosphorus. The temperature optimum for oil biodegradation remained at 20 to 25 C throughout the year, so that temperature was the main limiting factor during winter, spring, and fall. During summer, when temperatures were optimal, nutrient deficiencies limited oil biodegradation, and higher rates could be obtained by addition of nitrogen and phosphorus. The rates of hydrocarbon biodegradation were thus high only for about 1 month of the icefree period, when temperature and nutrient supply were optimal. Nutrient limitation of oil biodegradation was also demonstrated in 25 nutrient-poor lakes of northern Wisconsin, although in almost every case oil-degrading bacteria were detected. Knowledge of temperature and nutrient limitations thus will help in predicting the fate of hydrocarbon pollutants in freshwater.
Massive oil pollution of the sea has resulted in extensive research on hydrocarbon biodegradation, which has recently been reviewed (4, 10, 27) . Recent studies (1, 2, 11, 12) have demonstrated that, despite the abundance of hydrocarbon-degrading microorganisms, oil biodegradation depends on various environmental parameters which limit the process in seawater (i.e., temperature, low nutrient concentration).
Perhaps the magnitude and catastrophic nature of oil spillage in marine environments has overshadowed the occurrence of freshwater oil pollution. Refineries, pipelines, automobiles, industrial effluents, and watercraft have been suggested as sources of freshwater oil pollutants (18, 26) . Numerous examples of actual pollution incidents are documented. For example, more than 50 spillages of at least 100 gallons (ca. 380 liters) of various hydrocarbons occurred in navigable waters of the State of Wisconsin between 1969 and 1973 (records of the Department of Natural Resources, State of from a refinery to the inability of sediment microorganisms to cause a significant reduction in hydrocarbons during a 125-day anaerobic laboratory incubation. In other studies (18) enrichment cultures from various soils that supposedly contributed inoculum to nearby freshwater would degrade motor oil at 25 C but not at 4 C. Brown and Tischer (8) noted that enrichment cultures from freshwater inocula decomposed oil better if nitrogen and phosphorus were added. Hunter et al. (15) related the oxidation rate of octadecane and motor oil to substrate concentration and turbulence in a continuous-flow sediment system seeded with sewage. Caparello and LaRock (9) measured the metabolism of ['4C]hexadecane by natural sam- ples of lake water and demonstrated a correlation between number of hydrocarbon-oxidizing bacteria present and the lag before hexadecane metabolism.
In view of the occurrence of freshwater oil pollution and because the role of microorganisms in freshwater oil biodegradation has not been clearly established, we measured variations -in hydrocarbon oxidation seasonally in the epilimnion of Lake Mendota, and in a number of lakes of varying water quality in northern Wisconsin, to identify critical environmental parameters affecting hydrocarbon biodegradation in freshwater.
MATERIALS AND METHODS Study areas. Lake Mendota, a temperate eutrophic lake located in south central Wisconsin, was sampled during seasonal studies. On each sampling date, three stations were sampled, and data are presented as the average of data obtained for all stations. The stations were on a transect from the University of Wisconsin Limnology Lake Laboratory to Picnic Point and were located at approximately 100 m, 500 m, and 1 km from the Lake Laboratory toward Picnic Point. Previous studies at more locations showed that oil biodegradation rates did not vary with respect to location in the surface of the lake on a given date (D. M. Ward Surface water samples were collected by immersion of sterile sample bottles over the side of the sampling craft during the ice-free period or through a hole in the ice during winter. Sample bottles and glassware used in studies on Vilas County lakes were acid cleaned in 3 N HCI and rinsed in glass redistilled water before sterilization to prevent nutrient contamination. In some cases, bottles and vials used in rate assays were filled while sampling either by immersion of BOD bottles or by dispensing 40 ml of surface water to serum vials using a sterile 60-ml plastic syringe. Otherwise, samples were collected in 1-liter Nalgene bottles and distributed aseptically in the laboratory immediately after sampling. Samples collected for nutrient analysis were kept frozen until chemical assays were performed. Samples collected for temperature optima studies during colder months were returned to the laboratory in an ice chest before distribution to various incubation temperatures.
Oxygen uptake. The rate of oxygen uptake during mineral oil oxidation was studied in lake water samples contained in standard 300-ml BOD bottles. Each assay consisted of two control bottles to which a sterile 47-mm membrane filter (0.45-Mm pore size, Millipore Corp.) was added and two oil-supplemented bottles to which mineral oil (Fisher Scientific Co.; white, heavy, laboratory grade) sterilized by filtration through a 0.45-,um membrane filter (Millipore Corp.) was added adsorbed onto an identical filter, providing a concentration of about 0.6 g of oil per liter. Samples were incubated in the dark. Dissolved oxygen concentrations were assayed periodically using an oxygen electrode (YSI 5420 Self Stirring BOD bottle electrode, Yellow Springs Instrument Co.). Oxygen uptake was taken as the difference in oxygen content of averaged control and oil-emended bottles. The rate of oxygen uptake was estimated from the linear region of oxygen uptake during mineral oil oxidation. In a separate experiment, nonbiological oxygen demand in formaldehyde controls (4.2% formaldehyde final concentration) was found to be insignificant. Other controls showed that membrane filters (Millipore Corp.) did not increase the BOD of samples.
Hexadecane oxidation. Protein was determined by the method of Lowry et al. (16) , using lysozyme standards, after concentrating protein from lake water samples contained in BOD bottles on glass-fiber filters (Gelman type A).
Glucose was assayed by the Nelson-Somogyi reducing sugar assay (14) . Acetate was measured enzymatically (20) .
Enumeration of microorganisms. Heterotrophic microorganisms were enumerated by counting the number of colonies that developed after incubation at 25 C on a medium designed to promote growth of aquatic heterotrophic bacteria (see modified Allen and Brock medium, reference 7) .
The most-probable-number of mineral oil-and hexadecane-oxidizing microorganisms was estimated using a liquid mineral salts medium containing 0.4 g of NaCl, 0.5 g of NH4Cl, 0. 27 April may be considered as indicating the potential growth rate of hydrocarbon-oxidizing microorganisms inhabiting natural samples, which develop in response to hydrocarbon additions.
The results of other experiments support the possibility that hydrocarbon-oxidizing enzymes were repressed and had to be induced when hydrocarbons were added to natural samples. (i) During an experiment in which lake water was aged to remove indigenous oxidizable organic compounds (BOD) by incubation at 25 C for 24 h before addition of hydrocarbons, the lag before hydrocarbon oxidation was shortened from about 40 h to about 20 h. (ii) It was possible to extend the lag phase when glucose was added in addition to [1-_4C] hexadecane. Figure  2 demonstrates that '4CO0 was not produced from [1-'4C]hexadecane until after glucose had been completely consumed, whereas glucose was consumed without a lag. In the presence of both glucose and hexadecane the lag phase was lengthened by approximately the length of time required for glucose metabolism. Dissolved oxygen levels were always near saturation. It was necessary to increase nitrogen and phosphorus levels in this experiment, since indigenous leva-U els of these nutrients were too low to balance the carbon added as glucose. Addition of acetate in a separate experiment did not increase the lag phase before ['4C]hexadecane oxidation, although acetate was rapidly consumed.
Since the measurement of the rate of hydrocarbon biodegradation depended on the enrichment of an active population of hydrocarbondegrading microorganisms, such measurements must be considered potential rates.
Seasonal variation in hydrocarbon oxidation rate in Lake Mendota. The rates of hydrocarbon oxidation by natural surface water microbial communities of Lake Mendota were followed over a complete season from 14 March 1973, the day after ice break-up, until 20 October 1973. Figure 3A shows the seasonal variation of mineral oil and hexadecane oxidation rates in samples incubated at temperatures that corresponded to indigenous water temperatures. The rates were low initially and increased during the spring, attaining maximum levels in June before decreasing and remaining low throughout the remainder of the study period. During the study period the numbers of heterotrophic and oil-and hexadecane-oxidiz- (Fig. 4) . The proportion of hydrocarbon-utilizing to heterotrophic bacteria was always small, and minor variations in population levels did not affect hydrocarbon oxidation rates after the end of the lag, as mentioned above.
A gradual increase in rates during spring correlated with a gradual increase in water temperature, suggesting temperature limitation (see Fig. 3A ). Temperature limitation ofoil biodegradation was studied in greater detail by incubating identical lake water samples at various temperatures and measuring rates of mineral oil and hexadecane oxidation (Fig. 5) . In addition to affecting the rate of hydrocarbon oxidation, low water temperatures increased the lag phase before the onset of hydrocarbon metabolism. The optimum temperature for hydrocarbon oxidation was 25 C or greater, regardless of the indigenous water temperature, when temperature optimum experiments were run in summer (25 C), fall (12 C), or winter (0 C) (Fig. 6) . Below 20 C low temperature limited hydrocarbon oxidation rate.
During midsummer, factors other than temperature must have limited hydrocarbon oxidation rates. Excellent correlation of non-temperature-limited rates of hydrocarbon oxidation (Fig. 3B ) and nitrogen and phosphorus levels in the Lake Mendota epilimnion (Fig. 3C) Nutrient limitation of oil biodegradation was demonstrated in nutrient addition experiments on samples collected when indigenous nutrient levels were low. When either nitrogen (provided as KNO3) or phosphorus (as KH,PO4) was added alone, mineral oil or hexadecane oxidation rates were not stimulated to maximum levels. However, when either nitrogen or phosphorus was provided in excess, the rates depended on the amount of the other nutrient ( Fig. 7A and B) .
Nutrient limitation in oligotrophic lakes of Vilas County. Table 1 presents data on rates of mineral oil and hexadecane oxidation for 25 lakes studied in Vilas County during July 1974. Chemical analyses in Table 1 demonstrate that all of these lakes are nutrient deficient. Enumeration of microbial populations showed that low levels of heterotrophic bacteria inhabited these systems, a small proportion of which could grow on mineral oil or hexadecane as sole carbon and energy source. For Pauto, Little Rock, and Sparkling lakes, the most probable number of oil-oxidizing bacteria was high relative to the number of heterotrophic bacteria Figure 8 shows the correlation between mineral oil oxi- Black FIG. 7 . Rates ofoxygen uptake during mineral oil Oak Lake and Fence Lake. Since low numbers oxidation (0) and 14C02 production during hexadecof heterotrophic bacteria also inhabited these ane oxidation (0) by Lake Mendota surface water lakes, it is presumed that the number of oil-samples collected 7 September 1974 at various conoxdzigbacteria was too low to be detected by centrations of added (A) phosphate with nitrogen oxidizing baltion tested in mostectea provided at 300 pglliter as nitrate and (B) nitrate the lowest dilution tested in most-probable-with phosphorus provided at 100 puglliter as phosnumber determinations. The observance of hy-phate. The rate of mineral oil oxidation (0) and drocarbon oxidation attests to the fact that such hexadecane oxidation (U) in samples without added microorganisms did inhabit these lakes.
nutrients is included in each figure. VOL. 31, 1976 on June 28, 2017 by guest http://aem.asm.org/ (6, 19, 23) . In contrast to observations of an increase in the ratio of hydrocarbon-degrading to total heterotrophic bacteria in areas where hydrocarbon metabolism is ongoing (3, 13) , the ratio was always small in Lake Mendota.
It is, thus, impossible to conclude that hydrocarbon metabolism was not ongoing when lake water was collected. However, this possibility cannot be ignored. Since nonhydrocarbon organic compounds are probably continuously supplied to lake water microorganisms, and because oil pollution may occasionally occur in areas where high levels of organic compounds are found, regulatory interference of hydrocarbon metabolism in nature might be significant and should be further investigated.
Although the lag phase remains unresolved, the methods used enabled a comparison of the potential rate of hydrocarbon breakdown by natural populations that develop in response to hydrocarbon addition, such as might occur after an oil spill. Comparable results were obtained when 02 uptake was measured during the oxidation of a mixed hydrocarbon substrate (mineral oil) and when '4CO2 was measured during oxidation of [1-'4C] hexadecane.
Despite the presence of hydrocarbon-oxidizing microorganisms, the potential rate of hydrocarbon oxidation varies with the physical limitations of the environment. In temperate lakes, temperature is a major variable affecting hydrocarbon breakdown. Populations of psychrophilic hydrocarbon-oxidizing microorganisms did not adapt to seasonally cold water temperatures in Lake Mendota, as shown by the constant temperature optimum at 25 (Fig. 3B and C) . The fact that such low levels are common to the epilimnion of eutrophic lakes (presumably due to efficient competition for nitrogen and phosphorus by bloom-forming algae) and in oligotrophic lakes, which receive little nutrient input, indicates that nutrient limitation of oil biodegradation is of widespread occurrence in natural freshwater systems. It will be of interest to consider the ability of pollutant-degrading microorganisms to compete for nutrients that limit the growth of all the members of natural communities. For oil biodegradation the provision of forms of nitrogen and phosphorus soluble in oil but insoluble in water may selectively increase the competitiveness of oildegrading microorganisms (5).
In temperate lakes the potential rate at which hydrocarbon pollutants can be degraded is usually limited due to seasonal and regional variations in temperature and nutrient content. Despite the constant presence of oil-degrading bacteria, such lakes do not provide optimal conditions for hydrocarbon metabolism.
